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A simulation method of spatially correlated seafloor motions is proposed by considering the 
influences of seawater on the seafloor motions and their spatial variations at different subsea sites. 
The offshore site transfer functions are theoretically derived using the fundamental hydrodynamics 
and one-dimensional wave propagation theory. Three-dimensional spatially varying ground motions 
on the surfaces of multiple onshore and offshore sites are synthesized based on the spectral 
representation method and the calculated site transfer functions. A pair of onshore and seafloor 
recordings from the same earthquake event is employed to examine the basic characteristics of 
simulated onshore and seafloor motions. 
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1. Introduction
In recent years, more and more offshore bridges, platforms and pipelines have been 
constructed to satisfy the increasing demand for transportation and offshore energy 
exploration of modern society. Many of these offshore structures are built in high seismicity 
regions. A key issue in the seismic design of such structures is the definition of input 
earthquake ground motions. Due to the insufficient data of seafloor earthquake recordings, 
onshore motions are commonly used as inputs in the seismic analyses of offshore engineering 
structures. This may lead to erroneous prediction of structural responses since the seismic 
motions on the seafloor may be very different from those on the onshore sites, owing to the 
fact that the presence of seawater layer can suppress the vertical seafloor motions near the 
P-wave resonant frequencies of the seawater layer and indirectly affect the site amplification
of ground motions by increasing the water saturation of subsea soil layers [Boore, 1997].
Moreover, during an earthquake, the seismic motions at different subsea supports of large
span offshore structures are inevitably different due to the ground motion spatial variation
effect [Hao, 1989], which can be primarily caused by the wave passage effect, the coherency
loss effect and the local site effect [Der Kiureghian, 1996]. Both of the above mentioned two
factors may significantly influence the seismic responses of large dimensional offshore
engineering facilities. Therefore, it is necessary to realistically synthesize spatially varying
seafloor motions for the seismic analyses of these large dimensional offshore structures.
  The characteristics of seafloor seismic motions have been studied by some researchers 
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during the last few decades. The seawater is normally regarded as an ideal fluid, which has no 
resistance to shear stress and therefore can only propagate P-waves. Crouse and Quilter [1991] 
developed a simplified model to calculate the ratio of vertical response of a site with a water 
layer above it to that without the water layer. They found that the seafloor vertical response 
can be significantly reduced near the resonant frequencies of P-waves in the water layer. 
More straightforward investigations were carried out by researchers through the statistical 
analyses of seafloor seismic data recorded by subsea earthquake stations, e.g., the Seafloor 
Earthquake Measurement System (SEMS) off the coast of Southern California, USA [Sleefe, 
1990; Boore and Smith, 1999; Diao et al., 2014] and the strong-motion network (K-net) in 
Japan [Aoi et al., 2004; Okada et al., 2004; Chen et al., 2015]. It is revealed that the vertical 
component of seafloor motions are much lower than those of the onshore motions, especially 
at short periods, owing to the substantial reduction of the seafloor vertical motions near the 
P-wave resonant frequencies of the overlying seawater layer. Moreover, the propagation of 
P-wave in the subsea porous soil layers is also affected by the seawater since it can increase 
the degree of saturation and Poisson’s ratio of the seafloor sediments. The two-phase media 
theory established by Biot [1956a, b] is the theoretical basis of the studies on the elastic wave 
propagation in fluid-saturated porous soils. Based on theory of Biot [1956a,b] and the 
homogeneous pore fluid concept [Verruijt, 1969], Yang and Sato [2000] proposed the 
formulas of P-wave velocity and Poisson’s ratio for the porous soils and concluded that the 
vertical seismic motion could be significantly affected by the degree of saturation of soil 
layers. The research conducted by Wang and Hao [2002] also indicated that the water 
saturation level could remarkably impact the site amplification of the vertical component of 
seismic waves. However, although many studies have demonstrated that the seafloor seismic 
motions can be significantly influenced by the seawater, onshore motions are still commonly 
used as inputs in the seismic response analyses of offshore structures due to the scarcity of 
the seafloor earthquake recordings and the difficulty in considering the influence of seawater 
on the seafloor motions. 
  Ground motion spatial variation is another factor which greatly influences the structural 
seismic responses. The linear seismic response of large span structures can be directly 
calculated in the frequency domain by using the response spectra and ground motion spatial 
variation models as inputs at multiple structural supports [Bi et al., 2010]. However, for 
complex structures which usually behave nonlinearly during an earthquake action, the 
nonlinear response history analyses need to be carried out and the spatially varying ground 
motion time series are required to be simulated and used as inputs. Many stochastic 
simulation methods have been proposed to generate artificial spatially varying ground 
motions, among which the spectral representation method (SRM) is one of the most widely 
used methods. The representation concept of Gaussian random process was put forward by 
Rice [1944]. Shinozuka [1971, 1987] firstly employed this approach in the simulation of 
random processes. After that, many researchers extended this method to simulate spatially 
varying ground motions [Hao et al., 1989; Deodatis, 1996; Gao et al., 2012; Wu et al., 2014]. 
It should be noted that the influence of local site effect were rarely considered in these 
methods. Konakli and Der Kiureghian [2014] developed a simulation method of spatially 
varying ground motions including the differential site-response effect based on the site 
frequency response functions. Bi and Hao [2012] considered the local site effect by using the 
one-dimensional (1D) wave propagation theory [Wolf, 1985] and presented a simulation 
approach of spatially variable ground motions at uneven sites with varying conditions. This 
method directly relates local soil conditions with surface ground motions and is believed to 
yield more realistic simulation of spatially varying ground motions at a canyon site. However, 
the above methods are only suitable to simulate spatially varying ground motions on an 
onshore site. For the ground motions on an offshore site, the influence of seawater layer and 
soil saturation should be taken into account. The simulation technique of seafloor seismic 
motions cannot be found in the literature. 
  This paper proposes a simulation method of spatially varying ground motions on the 
surfaces of multiple onshore and seafloor sites. The offshore sites are assumed to be 
composed of the base rock, the multiple porous soil layers and an overlying seawater layer. 
The ground motion transfer functions of the layered subsea sites are theoretically derived by 
considering the effects of seawater layer and water saturation of subsea soil layers. The base 
rock motions are assumed to consist of out-of-plane SH-wave or in-plane combined P- and 
SV-waves and propagate into the site with assumed incident angles. The spatially varying 
seismic motions on the free surface of base rock are modeled by the filtered Tajimi-Kanai 
power spectral density (PSD) function [Clough and Penzien, 1993] and an empirical 
coherency loss function [Sobczky, 1991]. The cross power spectral density matrix of ground 
motions at surface of various sites are calculated based on the derived offshore site transfer 
functions and the spatially correlated ground motions on the surfaces of multiple onshore and 
seafloor sites are synthesized using SRM. Moreover, a pair of recorded onshore and seafloor 
seismic motions are selected to examine the rationality and validity of the simulated motions 
by comparing the vertical-to-horizontal response spectral ratios of the recorded and simulated 
motions. 
2. Theoretical derivation of ground motion transfer functions for a rock site overlaid 
with a seawater layer 
For common fluids such as seawater, the viscosity coefficient is very low and can be 
neglected in most of the engineering hydrodynamics problems. Therefore, in this study, the 
seawater is regarded as an ideal fluid in which only seismic P-wave can propagate. Based on 
the fundamental hydrodynamics equations for an ideal fluid [Batchelor, 2000; Versteeg and 
Malalasekera, 2007] and the 1D wave propagation theory [Wolf, 1985], the ground motion 
transfer functions of an underwater rock site are theoretically derived, as briefed below. 
2.1 Hydrodynamics equations for seawater under earthquake excitation 
In hydrodynamics, the motion of an ideal fluid can be described with the conservation 
equation of mass, the Euler’s equation and the adiabatic equation of state, which can be 
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where t represents time, v denotes the fluid particle velocity, ρ and P are the fluid density and 
pressure. Essentially, earthquake wave is the transmission of the medium’s perturbation 
around the equilibrium position. The fluid density and pressure can be written as ρ=ρ0+ρ′ and 
P=P0+p, where ρ0, P0 and ρ′, p denote the static and perturbation of fluid density and pressure, 
respectively. It is obvious that the pressure perturbation is exactly the wave pressure induced 
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where V denotes the fluid volume; cp is defined as the velocity of seismic P-wave propagating 
in an ideal fluid and it is determined by the bulk modulus K and density ρ of the fluid. 
  Assuming the fluid medium is time-invariant, the parameters ρ0 and P0 can be taken as 
constants. Retaining the first order terms of Eqs. (1), (2) and (4), and eliminating the fluid 
pressure p, the linear wave equation of seismic P-wave in an ideal fluid can be represented as 
[Jensen et al., 2011] 
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in which 
2 is the Laplace operator; ψ denotes the fluid displacement potential, which can be  
defined by 
u =                                (7) 
in which u denotes the fluid particle displacement. For a sinusoidal wave, the wave equation 
of seismic P-wave propagation in an ideal fluid can be further written as the Helmholtz 
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where ω is the circular frequency of P-wave. Eq. (8) can be solved with the P-wave trail 
function [Wolf, 1985]: 
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where Mp is the amplitude of P-wave, lx, ly and lz can be introduced as the propagation 







=1. According to Eq. (9), the displacement vector in any direction can be expressed 
as 
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where j represents x, y or z. 
  Moreover, the stress tensors of a Newtonian fluid in the Cartesian coordinate system can be 
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where δij is the Delta function which equals 1 when i=j and 0 when i≠j; µ is the coefficient of 
viscosity and equals zero under the ideal fluid assumption; p denotes a measure of 
compressive stress in a flowing fluid, and it is a scalar whose value equals to the average 
compressive stress acting on the surface of an infinitesimal fluid particle. The fluid pressure p 
can be derived from Eqs. (1), (4) and (7): 
2p K                                (12) 
  Substituting Eq. (9) into Eqs. (11) and (12), the fluid normal stresses induced by seismic 
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where j represents the Cartesian coordinates x, y or z. Thus, the earthquake induced fluid 
particle displacements and stresses are fully obtained by Eqs. (10) and (13). 
2.2 The application of 1D wave propagation theory 
It is well-known that the ground motion transfer functions of onshore sites can be derived 
based on the 1D wave propagation theory proposed by Wolf [1985]. However, the influence 
of water layer is not included in Wolf’s theory and it only considers the effects of multiple 
soil layers. By combining with the hydrodynamics formulas presented above, the 1D wave 
propagation theory is employed to derive the transfer functions of an underwater rock site in 
this study. 




=1) of the 
seawater layer, the fluid vertical displacement and normal stress expressed in Eqs. (10) and 
(13) are reformulated as: 
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where * (1 2 )K K i   and * 1 2p pc c i   are the complex values of the fluid bulk 
modulus and P-wave velocity in which the effect of the hysteretic damping ratio ξ is taken 
into account. 
  By analyzing the relationship between the seismic P-wave induced fluid normal stresses 
and displacements on the top and bottom of a seawater layer, the dynamic stiffness matrix of 
the seawater layer can be derived by utilizing the approach presented in Wolf’s 1D wave 
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where Fz1, Fz2 and uz1, uz2 are the vertical load amplitudes and fluid displacements at the top 
and bottom of the seawater layer, respectively; lx and s are the cosine and tangent values of 
incident angle and k is the wave number. As shown, the dynamic stiffness matrix [S
W 
P ] is 
symmetric and is determined by the circular frequency ω, the incident angle βp and the 
properties of seawater layer, namely the bulk modulus K, the density ρ, the water depth d and 
the damping ratio ξ. 
  Based on the derived dynamic stiffness matrix of seawater layer, the transfer functions of a 
base rock site under a seawater layer can be derived. The base rock motions are assumed to 
be composed of out-of-plane SH-wave or in-plane coupled P- and SV-waves and propagating 
into the seawater with respective incident angles. The dynamic equilibrium equation of the 
underwater rock site can be written in the frequency domain as [Wolf, 1985] 
    SH SH SHS u P  or     P SV P SV P SVS u P               (17) 
where {uSH}, {uP-SV} and {PSH}, {PP-SV} denote the displacements and load vectors of the 
in-plane SH-wave and out-of-plane coupled P- and SV-waves, respectively; For the 
underwater base rock site, the total dynamic stiffness matrix [SP-SV] can be obtained by 
assembling the stiffness matrix of the base rock with that of the seawater layer. It should be 
noted that the total dynamic stiffness matrix for the out-of-plane SH-wave, namely [SSH], is 
not influenced by seawater since it cannot transmit S-wave. 
  The schematic view of in-plane P- and SV-waves propagating in an underwater rock site is 
illustrated in Fig. 1, in which Mp, Msv and Np, Nsv denote the amplitudes of incident and 
reflected P- and SV-waves, and the superscripts W and R denote the water layer and base rock, 
respectively. To keep the identical wave number of P- and SV-waves, the wave apparent 
velocity c is formulated as 
* * *R R R R W W
p x sv x p xc c l c m c l                        (18) 
where lx and mx are the direction cosines of the incident P- and SV-waves, respectively. Thus, 
with an assumed base rock P-wave incident angle β
R 
p , the inclined angles of base rock 














































FIGURE 1 An underwater rock site with nomenclature for in-plane coupled P- and 
SV-waves 
  As presented by Wolf [1985], the dynamic stiffness matrix of the base rock for the in-plane 
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where the subscript o denotes the outcropping, namely the free surface of base rock [Wolf, 
1985]; G
*
 is the shear modulus of base rock; the values s' and t' equal to tan β
R 




  Assembling the derived dynamic stiffness matrix of seawater layer [S
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P ] with that of the 
base rock [S
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P-SV], the dynamic equilibrium equation of underwater rock site is written as 
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where the subscript t and b denote the top and bottom of seawater layer, respectively. The 
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where [S
 R 
P-SV] is defined in Eq. (19), uxo and uzo are the outcropping motions in the x- and 
z-directions, respectively. Combining Eq. (20) with (22), the vertical transfer function, 
namely the ratio of underwater base rock vertical motion uzb to outcropping vertical motion 
uzo is derived in the frequency domain as 
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and its modulus can be expressed as 
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  It is obvious that ( ) 1zH    and the modulus tends to zero when tanksd→∞, namely 
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where N is an odd number. The resonant frequencies of P-wave in seawater can be obtained 
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  At these resonant frequencies, a phase change will occur between the upward propagating 
and the downward reflected P-waves at the interface of seawater and base rock, and lead to a 
destructive interference in the P-wave motion [Boore and Smith, 1999]. This effect will 
finally result in a significant reduction in the vertical seafloor motion. As shown in Eq. (26), 
the P-wave resonant frequencies of seawater depend on the water depth d, the P-wave 
velocity c
*W 
p and the incident angle β
W 
p . 
  Analogously, the horizontal transfer function of the rock site overlaid with seawater can 
also be derived based on Eq. (20). Fig. 2 plots the site transfer functions for the horizontal 
and vertical in-plane motions, which are calculated based on the site parameters given in Fig. 




sv  and β
W 
p  are 
respectively calculated to be 75.4° and 62.3° according to Eq. (18). Four different depths of 
seawater (i.e., d=20, 40, 80, 160m) are considered to study its effect on the site transfer 
functions. As shown in Fig. 2, both of the horizontal and vertical transfer functions are 
reduced at P-wave resonant frequencies of seawater. Taking d=20 m as an example, a 
minimum value is obtained at the fundamental resonant frequency of 21.3 Hz, which is 
calculated based on Eq. (26). The fundamental P-wave resonant frequency decreases with the 
increase of seawater depth. It can be observed that the transfer functions in the horizontal 
direction are much larger than those in the vertical direction and even the minimum values 
are very close to 1, which indicates that the seawater layer has almost no effect on the 
horizontal in-plane motions. However, the vertical in-plane motion is significantly suppressed 
at the P-wave resonant frequencies as the values of vertical transfer functions approach to 
zero at these frequencies. This is owing to the destructive interference effect of P-waves at 
the base rock and seawater interface as discussed above. Moreover, due to the effect of 
material damping, the extreme values of site transfer functions decrease slightly with the 
increase of frequency. 
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FIGURE 2 Transfer functions of the base rock site overlaid with seawater (a) Horizontal 
in-plane motion; (b) Vertical in-plane motion 
2.3 Comparison with previous transfer function models 
To validate the above derivations, the vertical transfer function model of underwater rock site 
proposed in this paper is compared with those suggested in two previous studies [Crouse and 
Quilter, 1991; Boore and Smith, 1999]. The model presented by Crouse and Quilter [1991] is 
derived based on the assumption that the seismic P-waves in an elastic half-space vertically 
propagate into the upper water layer. It should be noted that in this model neither the 
contribution of S-wave in the vertical motion nor the effect of seismic wave inclined angle is 
considered. Therefore this model can be considered as a special case of the current model 
derived in this paper. The model presented by Boore and Smith [1999] is computed for an 
offshore site with different earthquake fault types by using the wavenumber integration 
method. In the latter model, only the fundamental resonant frequency is considered, while the 
model derived by Crouse and Quilter [1991] and the present model can include high vibration 
modes. For comparison, the properties of seawater and base rock illustrated in Fig. 1 are set 
to be aligned with the previous studies. The seismic P-waves are assumed to be vertically 






p =90°) and the water depth is 60m. 
  The comparison results are shown in Fig. 3, from which one can observe that the vertical 
transfer function model proposed in this study are in good agreement with the previous 
models. Since the model by Boore and Smith [1999] can only include the fundamental 
resonant frequency (6.25 Hz), comparison with this model is possible only at the fundamental 
mode while comparisons at the multiple modes, i.e., 6.25 Hz, 18.75 Hz, ··· are made with the 
model presented by Crouse and Quilter [1991]. As shown, the minimum of vertical transfer 
function calculated by the proposed model is slightly higher than that calculated by the model 
of Crouse and Quilter [1991]. This is because in their model, the damping ratios of the base 
rock and the water layer are both neglected, which results in the minimum of the vertical 
transfer function equal to 0 at the resonant frequencies. Nonetheless, the comparisons shown 
in Fig. 3 demonstrate that the proposed model gives good prediction of the seismic wave 
transfer function of underwater sites. 
  It should be noted that if the P-wave is not vertically transmitting into the seawater, namely 
β
W 
p <90°, the fundamental resonant frequency will be larger than 6.25 Hz. For illustration, the 
vertical transfer function of the same underwater base rock site with inclined incident 
P-waves (β
W 
p =60°) is also plotted in Fig. 3. The fundamental resonant frequency is calculated 
to be 7.22 Hz for the case with inclined incidence. It can be seen that the proposed model can 
take into consideration the effect of incident angle and damping ratio, as well as the 
contribution of SV-wave. Therefore, the derived model can be utilized to more realistically 
represent the effect of seawater on seismic motions of subsea sites. 
 
FIGURE 3 Comparison of the proposed vertical transfer function model for the 
underwater site with those proposed in previous studies 
3. Seafloor motion transfer functions of a layered subsea site 
For an actual complex offshore site, there exists a widespread of fully or nearly saturated 
sediments underlying the seawater. These porous sediments can significantly influence the 
propagation of seismic P-wave and thus affect the site amplification of seafloor motions. It 
has been proved that two kinds of P-waves with different propagation velocities can be 
generated in the two-phase porous soils [Biot, 1956a,b]. However, for most seismic waves 
which remain in the relatively low frequency range, the P-wave with lower velocity can be 
neglected [Yang and Sato, 2000]. Therefore, only the S-wave and the P-wave with higher 
velocity need to be concerned in the seismic engineering problems. As suggested by Yang and 
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in which ν', λ and G are the Poisson’s ratio, Lame constant and shear modulus of the soil 
skeleton, respectively; ρ=(1-n)ρs+ nρf , with ρs, ρf and n denoting the soil grain density, the 
pore fluid density and the porosity, respectively; α and M are parameters related to the 




















     
   
           (29) 
where Ks and Kb are the bulk moduli of soil grains and skeleton, respectively; and Kf denotes 
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where Kw denotes the bulk modulus of pore water; Sr is the degree of saturation and pa is the 
absolute fluid pressure. 
  The influence of water saturation on the P-wave propagation in porous soils is not 
considered in Wolf’s 1D wave propagation theory. In the present study, the Poisson’s ratio 
and P-wave velocity model for porous soils, namely Eqs. (27) and (28), are substituted into 
the dynamic stiffness matrices of soil layers to consider the soil saturation effect. The total 
dynamic stiffness matrix of an offshore site, which is assumed to consist of the base rock, the 
porous soil layers and an upper seawater layer, can be assembled based on the derived 
stiffness matrix of the seawater layer and those of the soil layers and base rock. The seafloor 
motion transfer functions can be calculated by solving Eq. (17) at every discrete frequency. It 
needs to be emphasized that the site amplification of horizontal out-of-plane motion, which is 
assumed to solely consist of SH-wave, will not be influenced by seawater or pore fluids, 
since neither of these two factors can affect the propagation of S-wave. 
  As concluded in the study by Yang and Sato [2000] and Wang and Hao [2002], the ground 
motion site amplification effect of porous soil layers will be substantially affected even if the 
water saturation level is slightly below full saturation. Moreover, it has been reported that the 
nearly saturated sandy seabed sediments (Sr=0.97-1.0) can exist in the coastal zones in 
engineering practice [Magda, 2000], although the soil layers have been overlaid by seawater 
for a very long period. Thereby, it is necessary to conduct a parametrical analysis to 
investigate the effect of degree of saturation on the offshore site transfer functions. Fig. 4 
shows a simple offshore site with a soil layer and a seawater layer overlying on the base rock, 
the corresponding parameters are also illustrated. The depth of seawater layer and soil layer 
are assumed to be 60m and 20m, respectively. The incident angle of P-wave on the base rock 
is assumed to be 60°. A total of five degree of saturation values are considered, i.e., Sr=1, 
99.9%, 99.5%, 99% and 98%. It should be noted that the Poisson’s ratio given in Fig. 4 is for 
the soil skeleton, the Poisson’s ratio of the porous soil layer can be calculated using the 
skeleton Poisson’s ratio and the assumed soil saturation level based on Eq. (27). The 
calculated offshore site transfer functions for horizontal and vertical in-plane motions are 










FIGURE 4 Schematic view of a simple layered offshore site 
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FIGURE 5 Influence of degree of saturation on the offshore site transfer functions (a) 
Horizontal in-plane motion; (b) Vertical in-plane motion 
  As can be observed, the horizontal transfer functions with different saturation degrees are 
almost the same, indicating that the degree of saturation has little effect on the horizontal 
in-plane motion. However, the vertical transfer function is significantly influenced by the 
degree of saturation, even a slight decrease below full saturation can lead to a considerable 
increase in the peak values of vertical transfer function. For the fully saturated case (Sr=1), 
the vertical seafloor motion is always smaller than the vertical outcropping motion in the 
frequency range from 0 to 25 Hz. With the decrease of Sr, the peak value of vertical transfer 
function is significantly increased and the predominant frequency is shifted to a lower 
frequency range. This is because P-wave has a significant contribution to the vertical in-plane 
motion and a substantial decrease of the P-wave velocity can be induced by a small 
proportion of air in the pore fluid. Moreover, the vertical in-plane motions are suppressed at 
the resonant frequencies of the upper seawater layer, as previously discussed in the case of a 
seawater layer overlying on the base rock. 
  It can be inferred from Eqs. (28) to (30) that the porous soil P-wave velocity is 
significantly affected by the depth of overlying seawater, since it directly determines the pore 
fluid pressure in porous soil layers. In this study, the effect of seawater depth on the seafloor 
motion transfer functions is investigated by changing the seawater depth of the example 
offshore site shown in Fig. 4. The depth of the soil layer is fixed at 20m and the seawater 
depth is assumed to be 0 (i.e., without seawater), 20, 40, 80 and 160m, respectively. The 
absolute fluid pressure in the subsea soil layer, i.e., pa in Eq. (30), increases with the seawater 
depth. For all these five cases, the degree of saturation of the soil layer is assumed to be 
99.9%. The seafloor motion transfer functions of the sites with different seawater depths are 
shown in Fig. 6. 
  It can be observed that the horizontal transfer functions of the sites with different seawater 
depths are very similar, implying that the depth of seawater has almost no effect on the 
horizontal in-plane motion. Nonetheless, the vertical transfer functions are evidently affected 
by the seawater depth. Compared with the site without seawater (d=0), the vertical transfer 
functions of the subsea sites are much smaller. With the increase of the water depth, the peak 
value of the transfer functions decreases and the dominant frequency moves towards the 
lower frequency range. This is because the pore fluid pressure increases with the seawater 
depth and the P-wave velocity in the porous soil layer is increased. Moreover, the vertical 
transfer functions reach the minimum values at different P-wave resonant frequencies 
corresponding to the different depths of overlying seawater layer. 
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FIGURE 6 Effect of seawater depth on the offshore site transfer functions (a) Horizontal 
in-plane motion; (b) Vertical in-plane motion 
  The above results indicate that the degree of saturation and seawater depth both have a 
significant effect on the transfer functions for the vertical seafloor in-plane motions. The 
derived offshore site transfer functions can be utilized to achieve reasonable simulations of 
seafloor seismic motions. 
4. Simulation of spatially correlated seismic motions at onshore and offshore sites 
Based on the derived offshore site transfer functions, the spatially varying seafloor seismic 
motions are simulated using the SRM in this section. A coastal non-uniform site with an 
onshore station (site 1) and an offshore station (site 2) is selected as an example, as shown in 
Fig. 7, in which d represents the layer depth, G shear modulus, K bulk modulus of seawater, ρ 
density, v calculated Poisson’s ratio of the porous soils, ξ damping ratio, n porosity and Sr 
degree of saturation. The spatially correlated seismic motions on the surfaces of the onshore 
seafloor sites are to be synthesized. 
Base Rock, G=1800MPa, ρ=2300kg/m3, ν=0.33, ξ=5%
Soft Rock, d=296m, G=756MPa,
ρ=2100kg/m3, ν=0.35, ξ=5%, n=0.03, Sr=100%
Soft Rock, d=100m, G=756MPa, ρ=2100kg/m3, ν=0.35, ξ=5%, n=0.03, Sr=100%
Clay, d=30m, G=108MPa,
 ρ=1600kg/m3, ν=0.451, ξ=5%, n=0.30, Sr=95%
Silty Sand, d=30m, G=184MPa, ρ=1800kg/m3, ν=0.484, ξ=5%, n=0.40, Sr=100%
Silty Clay, d=30m, G=162MPa, ρ=1800kg/m3, ν=0.487, ξ=5%, n=0.35, Sr=100%
Clay, d=28m, G=106MPa, ρ=1700kg/m3, ν=0.488, ξ=5%, n=0.35, Sr=100%










FIGURE 7 Spatially distributed onshore and offshore sites located in a coastal area 
4.1 Simulation approach based on SRM 
In this study, the three-dimensional base rock motions are assumed to consist of out-of-plane 
horizontal (Y-direction in Fig. 7) SH-wave or in-plane horizontal (X-direction) and vertical 
(Z-direction) coupled P- and SV-waves and propagate into the site with respective incident 
angles. Since the fault distance is supposedly much larger than the separation distance 
between the two points on the base rock (1' and 2' in Fig. 7), it is reasonable to assume that 
the spatially correlated base rock motions have the same power spectral density (PSD) 
functions since the distance between points 1' and 2' is normally much smaller than that 
between the two points (1' and 2') and the seismic epicenter. Here, the base rock motions in 
three directions are all modeled by the filtered Tajimi-Kanai PSD function [Clough and 
Penzien, 1993]: 
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      (31) 
in which Sbr(ω) represents the ground motion PSD function on the base rock; |HP(ω)| is a 
high pass filter function and Sg(ω) is the Tajimi-Kanai PSD function; ωf, ωg and ξf, ξg are the 
central frequencies and damping ratios of the high pass filter and Tajimi-Kanai PSD function 
[Tajimi, 1960], respectively. The parameters for the horizontal base rock motions are set to be 




, which correspond to ground 
motion time series with duration of 40s, peak ground acceleration (PGA) of 0.2g and peak 
ground displacement (PGD) of 0.084m according to the standard random vibration method 
[Der Kiureghian, 1980]. Moreover, although it has been demonstrated in many previous 
studies that the vertical-to-horizontal (V/H) spectral ratio of the seismic motions are strongly 
dependent on the spectral period and the distance from causative fault [Bozorgnia and 
Campbell, 2004], a constant V/H ratio of 1/2 recommended by the American Petroleum 
Institute [RP 2A-WSD, 2000] is employed in the seismic analysis of long-period offshore 
platforms. Here, the response spectrum amplitude of the base rock vertical motion is assumed 
to be 1/2 of that of the horizontal component. Since PSD is proportional to the square of 
response spectrum, the vertical to horizontal ratio of the base rock PSD function is set to be 
1/4 in the simulation. 
  Considering only the linear response of each layer, the auto PSD functions of the 
three-dimensional seismic motions on the onshore and seafloor sites (i.e., sites 1 and 2 in 
Fig.7) can be expressed as [Hao and Chouw, 2006] 
2
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2
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where H1(iω) and H2(iω) are respectively the three-dimensional transfer functions of the 
onshore and seafloor sites, which can be calculated by considering the effects of soil 
saturation and seawater as discussed above. 
  The cross PSD function between seismic motions on sites 1 and 2 can be expressed as 
[Hao and Chouw, 2006] 
*
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where the superscript ‘*’ denotes complex conjugate; γ1'2'(iω) is the coherency loss function 
between the spatial ground motions on the base rock. The model proposed by Sobczyk [40] is 
used to represent the coherency loss between the base rock motions: 
 
1 2 1 2
2
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where |γ1'2' (iω)| denotes the lagged coherency; d1'2' is the distance between sites 1' and 2', and 
d1'2'=200m is assumed; vapp is the apparent wave velocity on the base rock; β is a coefficient 
that determines the level of coherency loss and β=0.0005 is employed in this paper to 
represent highly correlated motions. It should be noted that seismic motions are correlated 
with each other not only in the same direction between separated stations but also in the bi- or 
tri-orthogonal directions at one or multiple stations [Hong and Liu, 2014]. However, 
investigating the correlation between different components of earthquake motions is out the 
scope of current study, only the correlations between the ground motions in the same 
directions at sites 1' and 2' are modeled by Eq. (34). 
  The ground motion PSD function matrix at sites 1 and 2 can be assembled by using the 
auto and cross PSD functions as: 
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where S(iω) is a positive definite and Hermitian matrix, which can always be decomposed 
into a complex lower triangular matrix L(iω) and its Hermitian matrix L
H
(iω); the terms in 
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where j=k=1 or 2. Based on the fast Fourier transform technique, the spatial correlated 
ground motions at sites 1 and 2 can be generated in the frequency domain as 
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are the amplitude and phase angle of simulated time series at the nth discrete frequency 
ωn=nΔω, where Δω is the frequency resolution; φmn(ωn) denotes a random phase angle that 
uniformly distributed in [0, 2π], φmn and φrs are statistically independent unless m=r and n=s, 
and ωN is the upper cut-off frequency. 
  By inverse transforming Uj(iωn) into the time domain, the corresponding ground motion 
time series uj(t) can be obtained. Nonstationary ground motions wj(t) are simulated by 
multiplying the generated stationary time series uj(t) with an envelope function ζ(t): 
( ) ( ) ( )
j j
w t t u t                             (39) 









t t t t
t t t t





    
                      (40) 
where t0 and tn are assumed to be 5 s and 20 s, respectively. 
  It should be noted that the filtered Tajimi-Kanai PSD function model and the Sobczyk 
model can be easily replaced with other available stochastic ground motion attenuation and 
coherency loss function models. Moreover, the simulation approach can be extended to 
simulate three-dimensional spatially correlated ground motions on more number of onshore 
and seafloor sites. 
4.2 Transfer functions of the example site 
The transfer functions of the onshore and offshore sites, i.e., H1(iω) and H2(iω) in Eqs. (32) 
and (33) are firstly calculated by considering the effects of soil saturation and seawater. The 
incident angles of out-of-plane SH wave and in-plane P-wave are both assumed to be 60°, the 
upper cut-off frequency is set to be 25 Hz. The calculated three-dimensional transfer 
functions are plotted in Fig. 8, from which one can observe that both the onshore and offshore 
sites amplify the incident waves at corresponding site vibration frequencies. The fundamental 
frequency of the offshore site is lower than that of the onshore site because the offshore site is 
much softer. The two horizontal transfer functions (Hx(iω) and Hy(iω)) of the offshore site 
(site 2) are very similar. This is because seawater does not affect the propagation of S-wave, 
which dominates the horizontal motions. However, the offshore site transfer function for the 
vertical in-plane motion is significantly affected by the seawater. As compared to the onshore 
vertical motions, the vertical seafloor motions are substantially deamplified, especially at the 
resonant frequencies of the overlying seawater. The incident angle of P-wave in seawater is 
calculated to be 64.5° according to Eq. (18). Substituting the corresponding parameters into 
Eq. (26), the first two resonant frequencies can be obtained as 5.73 Hz and 17.19 Hz. The 
vertical transfer function approaches to 0 at these two frequencies, as shown in Fig. 8. 


























































































FIGURE 8 Three-dimensional onshore (site 1) and offshore (site 2) site transfer functions. 
  It is worth noting that if the effects of soil saturation and seawater are not considered when 
calculating the site transfer functions, only the effect of multiple soil layers can be considered 
in the calculation of auto and cross PSD functions of the onshore and offshore sites as 
expressed in Eqs. (32) and (33). Then the simulated spatially varying ground motions will be 
the same as those simulated by the approach presented by Bi and Hao [2012], in which the 
influences of soil saturation and seawater on the ground motion amplification effect of the 
multiple soil layers are not included. In other words, their work can be regarded a special case 
of the present study. 
4.3 Ground motion simulation 
In the simulation, the time duration and interval of the ground motions are assumed to be 40s 
and 0.01s, respectively. The sampling frequency is set to be 100 Hz and the total number of 
points N=4096 is utilized in the FFT technique. The apparent wave velocity in the coherency 
loss model, i.e. vapp in Eq. (34) is calculated to be 1768m/s according to the base rock 
property and the incident angle, which is assumed to be 60°. 
  The simulated horizontal spatially correlated acceleration and displacement time series on 
the free surface of base rock are shown in Fig. 9. The PGAs and PGDs of the generated base 
rock motions are 2.424, 2.463 m/s
2
 and 0.0853, 0.0835m, respectively. These PGA and PGD 
values are very close to the calculated target PGA of 0.2g and PGD of 0.084m as mentioned 
above. Moreover, the PGA and PGD values and the characteristics of the generated base rock 
motions at the two sites are very similar as they are modelled with the same filtered 
Tajimi-Kanai PSD function. The comparison of PSD functions of simulated base rock 
motions and the model PSD function is shown in Fig.10, from which good agreements can be 
observed. Fig. 11 shows the comparison of the coherency loss between the simulated base 
rock motions at sites 1' and 2' with the Sobczyk model, good match is also observed. 
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FIGURE 9 Generated horizontal spatially correlated ground motions on the free surface of 
base rock (a) accelerations; (b) displacements. 









































FIGURE 10 Comparison of PSD functions of the generated base rock horizontal 
accelerations with the model PSD function 













FIGURE 11 Comparison of coherency loss between the generated base rock horizontal 
accelerations with the coherency loss function model 
  Using the ground motion transfer functions and the simulation approach introduced above, 
the spatially correlated ground motions on the example sites shown in Fig. 7 are generated. 
The simulated three-dimensional acceleration and displacement time series on the surfaces of 
onshore (site 1) and offshore (site 2) sites are shown in Fig. 12. The horizontal PGAs and 
PGDs are 3.20, 3.46 m/s
2
 and 0.098, 0.139m for the onshore motions and 4.28, 3.58 m/s
2
 and 
0.138, 0.158 m for the seafloor motions, respectively. The vertical PGA and PGD are 2.28 
m/s
2
 and 0.072 m for the onshore motions and 1.23 m/s
2
 and 0.070 m for the seafloor motions. 
The horizontal base rock motions are amplified by both of the two sites and the amplification 
effect of the softer offshore site is larger than that of the onshore site in the horizontal 
directions. However, the vertical PGA of the seafloor motion is much smaller than that of the 
onshore motion, owing to the suppression effect of vertical seafloor motions at the resonant 
frequencies of seawater layer, which can be directly reflected in the vertical offshore site 
transfer function as shown in Fig. 8. The difference between the vertical onshore and seafloor 
PGD values is slight as compared to that between the PGA values of the two sites. This is 
because the PGD value is more dependent on the ground motion energy in the low frequency 
range and the PSD functions of simulated vertical onshore and seafloor motions are very 
close at low frequencies, as can be observed in Fig. 13. The PSD functions of the simulated 
ground motions on sites 1 and 2 are compared with the respective theoretical PSD functions 
in Fig. 13. Good agreements can be observed. 
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FIGURE 12 Generated three-dimensional spatially correlated ground motions on the surface 
of sites 1 and 2 (a) accelerations; (b) displacements. 
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FIGURE 13 Comparison of PSD functions of the generated three-dimensional ground 
motions with the respective calculated PSD functions (a) site 1; (b) site 2 
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FIGURE 14 Influence of local site on the coherency loss between the three-dimensional 
ground motions on sites 1 and 2 (a) Comparison of lagged coherency loss; (b) Spectral ratio 
  Previous studies have revealed that local site condition not only influences the phase angle 
of coherency loss function between the ground motions on the site surface [Der Kiureghian, 
1996], but also affects its modulus [Bi and Hao, 2011]. To calculate the converged mean 
lagged coherency loss functions between the ground motions on the base rock and site 
surface, a large number of simulations need to be carried out. In this study, convergence test 
is conducted and the results show that the mean lagged coherency loss functions at discrete 
frequencies are converged with 800 simulations. The mean values of 800 lagged coherency 
loss functions between the simulated spatially correlated ground motions on sites 1 and 2 and 
those between the base rock motions at sites 1' and 2' are plotted in Fig. 14(a). It can be 
observed that the lagged coherency loss between the spatially correlated motions on the site 
surface is reduced as compared to that between the base rock motions. Moreover, the peaks 
and troughs are related to the spectral ratio of the onshore and offshore sites as shown in Fig. 
14(b). The spectral ratio can be calculated by |H1(iω)/H2(iω)|, where H1(iω) and H2(iω) are 
the transfer functions of the onshore and offshore sites, respectively. It can be concluded that 
the lagged coherency loss between spatial surface motions can be significantly influenced by 
the effects of soil saturation and seawater, since they directly affect the transfer functions of a 
local site as discussed in Sections 2 and 3. It can be seen that a severe reduction of lagged 
coherency loss between the vertical spatially correlated onshore and seafloor motions occurs 
near 5.73 Hz, which corresponds to the P-wave resonant frequency of the overlying seawater 
layer. This is because the vertical transfer function of offshore site approaches 0 at the 
resonant frequency and leads to a maximum value of spectral ratio (|H1(iω)/H2(iω)|=185), 
and the spatial ground motions on the site surface are least correlated at the frequencies 
where the power spectra of ground motions at the two sites are significantly different from 
each other. 
4.4 Comparison of simulated motions with actual seismic records 
The vertical-to-horizontal response spectral ratio (V/H RS ratio) is commonly employed to 
assess the difference between onshore and seafloor motions by researchers [Boore and Smith, 
1999; Chen et al., 2015]. This is because it can eliminate the various factors on the seismic 
motions, such as earthquake magnitude, faulting mode, distance to epicenter and wave 
propagation path, except the effect of local geology of onshore and offshore sites [Boore and 
Smith, 1999]. In this section, a comparison of V/H RS ratios of the generated onshore and 
seafloor motions with those of the recorded motions is presented to examine the rationality of 
the simulated seafloor motions. 
  A pair of onshore and seafloor seismic motions recorded during one earthquake, namely 
the 6.5ML San Simeon Earthquake on 22 Dec, 2003, is employed in this paper. The map and 
relevant information of the epicenter, onshore and offshore stations are shown in Fig. 15. The 
elevations and S-wave velocities of the sites beneath the onshore and offshore stations can be 
respectively referenced from those given in the NGA-West2 site database [Ancheta et al., 
2013] and the offshore site model for the coastal area of southern California defined by Boore 
and Smith [1999]. In this study, the elevations and S-wave velocities of the example onshore 
and offshore sites shown in Fig. 7 are set to be consistent with those suggested in the 
references for comparison purpose. Fig. 16 shows the acceleration time series of the onshore 
and seafloor recorded motions, which can be downloaded on the website of US National 
Center for Engineering Strong Motion Data (CESMD, http://strongmotioncenter.org). 
  In the calculation of V/H RS ratios, the values of the two horizontal components are 
replaced by the geometric average of the individual values and the damping ratio is taken as 
ξ=5%. Convergence test is conducted and it is proved that the mean V/H RS ratios at discrete 
frequencies are converged with 800 simulations. The mean V/H RS ratios of 800 simulated 
onshore and seafloor motions are compared with those of the recorded motions in Fig.17. As 
shown, the V/H spectral ratio of the simulated seafloor motion is much lower than that of the 
simulated onshore motion, especially at high frequency range; the same characteristic of the 
recorded onshore and seafloor motions can also be observed. These results are consistent with 
the previous study by Boore and Smith [1999], in which they concluded that the V/H spectral 
ratios of seafloor recordings are clearly much smaller than those of onshore recordings at 
relatively high frequencies more than 3 Hz. Moreover, it can be observed that the V/H 
spectral ratio of recorded seafloor motion achieves minimum value at 5.36 Hz. This value is 
very close to the calculated P-wave resonant frequency (5.73 Hz) of the 73m seawater layer, 
in view of the inevitable uncertainties in seawater depth and P-wave incident angles. It is also 
observed that the V/H spectral ratios of the simulated onshore and seafloor motions are 
higher than those of respective recorded motions. This may be caused by the simple 
assumption of using constant V/H ratio of 1/2 for the base rock motions, which may 
overestimate the ground motion energy of the vertical base rock motion at higher frequencies. 
 
FIGURE 15 Sketch map of southern California with the locations of epicenter, onshore and 
offshore stations for the selected earthquake 
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FIGURE 16 Three-dimensional accelerograms of selected earthquake recordings (a) 
onshore station; (b) offshore station 
 
FIGURE 17 Comparison of V/H RS ratios of simulated motions with those of the recorded 
motions 
  It is worth noting that more recorded onshore and seafloor motions should be employed to 
verify the characteristics of simulated seafloor motions. However, it is very unfortunate that 
available seafloor recordings are very limited, especially for the onshore and seafloor motions 
recorded in the same earthquake event. Nonetheless, it can still be concluded that the 
simulated seafloor seismic motions can capture the most dominant feature of the seafloor 
Offshore Station: 
CGS Station 26903 
Elevation: -73m 
Onshore Station: 
CGS Station 25423 
Elevation: 53m 
Epicenter: 
San Simenon Earthquake 
Date: 22 Dec 2003 









recordings, namely the relatively low V/H ratios at high frequency range (above 3 Hz), 
caused by the significant suppression effect of vertical seafloor motion near the P-wave 
resonant frequencies of the seawater layer. 
5. Conclusions 
This paper proposes a simulation method of spatially correlated seismic motions at multiple 
onshore and offshore sites. The offshore site transfer functions are theoretically derived by 
considering the influences of seawater and water saturation of seafloor sediments. It is found 
that both of the two factors can significantly affect the site transfer functions of seafloor 
motions, especially in the vertical direction. The derived site transfer functions can be 
combined with the SRM to simulate spatially varying ground motions at multiple onshore 
and seafloor sites. The simulated spatial seismic motions match well with the respective 
target PSD functions individually and are compatible with the coherency loss model between 
each other. It is also demonstrated that the seawater layer could affect the coherency loss 
between the vertical ground motions at onshore and seafloor sites near the P-wave resonant 
frequencies of seawater. The comparison of V/H RS ratios between simulated and recorded 
seismic motions reveals that characteristics of the simulated seafloor motions are in line with 
those of the recorded seafloor motions. Therefore, it is believed that the generated spatially 
correlated ground motions on the seafloor can be utilized as inputs in the seismic response 
analyses of large dimensional offshore engineering structures. 
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